Abstract The Hardness (Ha) locus on chromosome 5D is the main determinant of grain texture in hexaploid wheat. The related genes Puroindoline-a and -b (Pina-D1, Pinb-D1) and Grain Softness Protein (Gsp-D1) are tightly linked at this locus. Mutations in the Pina-D1 and Pinb-D1 genes are associated with increased grain hardness. We report here the complete sequence of a 101-kb BAC clone from Triticum monococcum (A m genome) which includes these three genes, and its comparison with the orthologous region in rice. The genes Gsp-A m 1, Pina-A m 1 and Pinb-A m 1 are separated by 37 kb and 32 kb, respectively, and are organized in the same transcriptional orientation. Four additional genes, including a pair of duplicated genes, were identified upstream of Gsp-A m 1 within a high-density gene island. These additional genes were found in the same order and orientation, and the same relative distances apart as similar genes previously annotated on rice chromosome 12. An interesting discovery was a small unannotated putative rice gene that was similar to the Gsp-A m 1 gene of T. monococcum (65% similarity at the protein level), and that was disposed in the same orientation, and located in the same position relative to the other orthologous genes. The high gene density observed in this BAC (1 gene per 14 kb) was expected for a distal chromosome region, but the level of microcolinearity with rice was higher than that reported in similar distal regions of other wheat chromosomes. Most of the BAC sequence (40%) was represented by repetitive elements, mainly concentrated in regions adjacent to the genes Pina-A m 1 and Pinb-A m 1. Rearrangements among these repetitive elements might provide an explanation for the frequent deletions observed at this locus in the genomes of the polyploid wheat species.
Introduction
The grass family (Poaceae) includes many economically important species such as rice, maize, sorghum, oat, barley, rye and wheat. This family originated approximately 55-70 million years ago (Kellogg 2001) and includes a very diverse set of species. This diversity is manifested in huge differences in nuclear DNA content, which varies from 430 Mb in rice to 5700 Mb in diploid wheat Triticum monococcum (Arumuganathan and Earle 1991). Despite these large differences in DNA content, relatively good gene colinearity was observed in the first comparative RFLP maps constructed for wheat and rice (Moore et al. 1995; Van Deynze et al. 1995) .
More recently, orthologous regions from the small rice genome and the large genomes of wheat and barley have been compared at the sequence level (microcolinearity) (Panstruga et al. 1998; Shirasu et al. 2000; Dubcovsky et al. 2001; Wicker et al. 2001; Brooks et al. 2002; Li and Gill 2002; Ramakrishna et al. 2002; Brunner et al. 2003; Yan et al. 2003) . A feature common Communicated by A. Kondorosi N. Chantret to all these comparisons was the lack of sequence conservation in the intergenic regions. This rapid divergence of intergenic regions was also observed in comparisons between different genera within the Triticeae Gu et al. 2003) , and even in comparisons between different Triticum species that diverged only 1-3 million years ago (Myr) (Wicker et al. 2003b ). Significant differences in intergenic regions have been recently reported in different maize genotypes of the same species (Fu and Dooner 2002) .
In general, intergenic regions are larger in the Triticeae genomes than in rice, due to the presence of repetitive elements, which are usually found to form nested structures (Panstruga et al. 1998; Dubcovsky et al. 2001; Wicker et al. 2001; Brooks et al. 2002; Rostoks et al. 2002; SanMiguel et al. 2002) . Retrotransposons represent the most abundant class of repetitive elements, but other families, such as CACTA transposons, have also contributed significantly to the large size of the wheat and barley genomes (Wicker et al. 2003a) . At a smaller scale, local duplications and insertion of nonretroelement sequences have also contributed to genome size increase Wicker et al. 2001) . Increases in genome size are counterbalanced by the elimination of large DNA segments by unequal recombination between LTRs of the same retrotransposon generating solo-LTRs, unequal recombination between paralogous related retroelements, and other mechanisms (Shirasu et al. 2000; Devos et al. 2002) .
In contrast to the complete divergence of the intergenic regions, relatively good genic microcolinearity has been observed in most of the comparisons between rice and the Triticeae species. However, microcolinearity is usually interrupted by gene deletions, translocations, inversions and/or duplications (for reviews, see Bennetzen 2000; Keller and Feuillet 2000; Bennetzen and Ramakrishna 2002; Feuillet and Keller 2002) . Exceptions to microcolinearity have been observed also among the more closely related wheat genomes, although at lower frequencies. The Hardness (Ha) locus is an example of an agronomically important chromosomal region that has suffered numerous independent deletions during wheat evolution (Giroux and Morris 1998; Gautier et al. 2000; Tranquilli et al. 2002) . The relatively recent occurrence of these deletions, and their economic importance, make them an interesting case in which to study these phenomena.
Wheat grain hardness, defined as either the resistance of kernels to crushing or the particle size distribution in the flour, is an important trait that determines the enduse quality of wheat (reviewed in Anjum and Walker 1991; Morris 2002) . In bread wheat, endosperm texture is primarily controlled by the Hardness (Ha) locus on the short arm of chromosome 5D (Mattern et al. 1973; Law et al. 1978) . It is a simply inherited character (Symes 1965) and although the main locus is referred as ''Hardness'', softness is in fact the dominant trait. Soft wheat varieties carrying the dominant Ha allele have a higher abundance of a starch surface-associated protein (M r =15 kDa) named friabilin (Greenwell and Schofield 1986; Rahman et al. 1994) . Friabilin is a composite of related lipid-binding proteins including proteins coded by the genes Puroindoline-a (Pina) and Puroindoline-b (Pinb) and, in lower proportion, the protein coded by the Grain Softness Related (Gsp) gene (Gautier et al. 1994; Rahman et al. 1994) . The puroindoline proteins are more similar to each other (71%) than to the Grain Softness Related Protein (Gsp, 57-58%). These three related genes are physically close to each other in both the A m and D genomes (Tranquilli et al. 1999; Turnbull et al. 2003) , suggesting that they originated by two independent duplication events (Tranquilli et al. 1999) . Studies of natural mutations (Morris 2002 ) and deletions (Tranquilli et al. 2002) , and work on transgenic wheat (Beecher et al. 2002) , have confirmed that the puroindoline genes are the ones responsible for the differences in grain texture. Altered dosages of the Gsp genes do not affect grain hardness (Tranquilli et al. 2002) .
Puroindoline genes have been found in the diploid ancestors of wheat, as well as in barley (hordoindoline), rye (secaloindoline), and oat (avenoindoline), but not in tetraploid wheat or in the A and B genomes of bread wheat (Gautier et al. 2000) . In addition, many common wheat varieties (T. aestivum L.) with hard-textured grains have deletions for the Pina-D1 gene (Giroux and Morris 1998) , whereas a few show a complete deletion of the three linked genes on chromosome 5D (Tranquilli et al. 2002) . These results indicate that these genes are not essential for the normal growth of cultivated wheat-an idea that is also supported by the previous failure to detect orthologues of these genes in rice, maize or sorghum (Gautier et al. 2000) . Transgenic rice expressing puroindoline-a and/or -b showed significantly increased tolerance to Magnaporthe grisea (rice blast), displaying a 29-54% reduction in symptoms, and to Rhizoctonia solani (sheath blight), with an 11 to 22% reduction in symptoms (Krishnamurthy et al. 2001) .
In the present paper we report an analysis of the complete sequence of a T. monococcum BAC clone that includes the Pina-A m 1, Pinb-A m 1, and Gsp-A m 1 genes (Tranquilli et al. 1999 ), which provides a template for future comparison of the different deletions that have occurred in this locus during wheat evolution. In addition, we present a detailed comparison with rice, and report the discovery of a putative orthologue of the Gsp gene in rice.
Materials and methods

BAC selection and sequencing
The BAC clone 109N23 was isolated from a T. monococcum BAC library , and includes the genes Pina-A m 1, Pinb-A m 1, and Gsp-A m 1 (Tranquilli et al. 1999) . The clone was sequenced as described before (Dubcovsky et al. 2001) . A small difference from the previous protocol was the reduced size of the fragments in the shotgun library (2.5 kb, on average). Base calling and sequence quality assessments were carried out using PHRED (Ewing and Green 1998) and sequence assembly was done with PHRAP and edited with CONSED (Gordon et al. 1998) . Gaps were filled first by re-sequencing subclones indicated by the 'autofinish' option of CONSED and by primer walking of subclones bridging the sequencing gaps. The final error rate was estimated using CONSED.
Sequence analysis
Detection of ORFs and determination of gene structures were performed using a combination of gene-finding programs and BLAST analyses. The gene-finding programs used were Genemark.hmm with rice and wheat training sets (Lukashin and Borodovsky 1998 ; http://opal.biology.gatech.edu/GeneMark/ eukhmm.cgi) and GeneScan with the maize training set (Burge and Karlin 1997;  http://genes.mit.edu/GENSCAN.html). Sequences were also compared to NCBI non-redundant databases and dbEST, and to the TIGR whole rice genome database (http://tigrblast.tigr.org/euk-blast/index.cgi?project=osa1) using BLASTN, BLASTP, BLASTX and TBLASTX algorithms (Altschul et al. 1997) . When both predictors and BLAST analysis gave coherent indications regarding the presence of a gene, the final intron/exon structure was predicted from the alignment of the genomic sequence with Triticeae ESTs (when available) or with the putatively orthologous rice gene. The automatic rice BAC annotation generated by TIGR was rechecked by aligning the rice genomic sequence with rice ESTs and/or by comparison with the wheat BAC sequence. The NetPlantGene splice-site prediction program was used to determine the level of coding potential for some particular regions (Hebsgaard et al. 1996 ; http://www.cbs.dtu.dk/ services/NetPGene/).
Repeated sequences were identified with BLASTN, BLASTX and TBLASTX in the NCBI non-redundant ( 
Calculation of retrotransposon insertion times
The calculation of retrotransposon insertion times was done as described by SanMiguel et al (2002) . The 5¢ and 3¢ LTRs of the four complete retrotransposons present in BAC 109N23 (Angela_109N23-2, Angela_109N23-3, Sabrina_109N23-1 and Retrofit_109N23-1) were aligned using ClustalX (Thompson et al. 1997 ). The Kimura two-parameter distances were calculated after having removed all sites containing alignment gaps (Option: 'Completedeletion') as implemented in MEGA version 2.1 (Kumar et al. 2001 ). The insertion times was dated using as the mutation rate the estimate of 6.5·10
)9 substitutions per synonymous site per year obtained by Gaut et al (1996) based on the Adh1 and Adh2 loci of grasses.
Results
BAC sequencing
The T. monococcum BAC clone 109N23 was sequenced at a target coverage level of 12X (1152 subclones were sequenced in both directions). The assembly resulted in 10 gaps and several stretches of poor-quality sequence. Approximately 96 subclones were re-sequenced as suggested by the 'autofinish' option of CONSED, closing three gaps. The seven remaining gaps and 15 regions with low-quality sequences were re-sequenced using primer walking. The final contiguous sequence of 101,101 bp (44.98% G+C) was deposited in GenBank under the Accession No. AY491681.
The assembled sequence of BAC 109N23 was validated experimentally by comparing it to a restriction map constructed with restriction enzymes with 8-bp recognition sites (NotI, Pac I, Pme I and Asc I). The restriction map obtained by Tranquilli et al. (1999) was almost identical to the sequence prediction. The only exceptions were the relative order of the four successive Asc I sites that could not be determined unequivocally in the experimental map, and the presence of two additional Not I sites located 55-bp and 158-bp from each other, yielding restriction fragments that would have been too small to be detected in the pulsed field electrophoresis gels used to construct the experimental restriction map.
Gene annotation
The three related genes Gsp-A m 1 (25,946-26,440 bp), Pina-A m 1 (63,533-63,979 bp), Pinb-A m 1 (96,193-96,639 bp) are organized in the same orientation within a 70-kb region. Gsp-A m 1 and Pina-A m 1 are 37 kb apart, and Pina-A m 1 and Pinb-A m 1 are 32 kb apart, and the genes are separated mainly by repetitive elements (Fig. 1) . Four additional genes were identified upstream of the first of these three genes, and were designated 1a (11,773-12,420-bp), 1b (17,293-17,961-bp), 2 (18,452-19,921-bp) and 3 (20,896-24,110-bp) to facilitate further discussion (Table 1 and Fig. 1 ). These genes were validated by alignment with ESTs and previously annotated genes, and by their conservation in the orthologous region of the rice genome.
Genes 1a and 1b (648 and 669 bp long, respectively) have no introns, and are located 5 kb apart, forming a duplication that includes 486 bp and 464 bp of sequence upstream and downstream of genes 1a and 1b, respectively (see Fig. 1 ). The percentage identity between the members of the complete duplication is 81.3% at the nucleotide level and 79.1% at the amino acid level for the predicted proteins. A cDNA from rye (BQ160244) was found to be 94% identical to gene 1b, confirming that it is an expressed sequence (E=e ). Conservation of this region with a hypothetical gene on rice chromosome 12 (BAC OSJNBb0011N16, 3,252-3,921-bp) supported the annotation of these genes. The degree of identity between the rice and wheat genes 1a and 1b was, respectively, 45 and 42% at the amino acid level. However, the predicted rice gene included one intron. The absence of an intron in the wheat genes was confirmed by the alignment with rye cDNA BQ160244. The similarity with the rye EST confirmed that this is an expressed sequence, although it probably not highly expressed since none of the 914,000 wheat or barley ESTs available at the time of this analysis showed similar levels of identity to the rye cDNA.
Gene 2 is 1470 bp long and has four exons. Several wheat cDNAs were significantly similar (5e
)53 ) to this gene, confirming the annotation of the third and fourth exons. The complete intron-exon structure of the gene was validated by its similarity with its orthologous gene on rice chromosome 12 (BAC OSJNBb0011N16, 4,232-6,516-bp). The annotated rice gene structure was corrected to maximize the similarity with the wheat protein. A comparison of the predicted wheat protein with the SwissProt database (BLASTP) (Echenique et al. 2002) . revealed significant similarity (E=e )73 ) with a synaptobrevin-related protein from Arabidopsis thaliana; synaptobrevins are vesicle-associated membrane proteins.
Gene 3 is 3215 bp long and has four predicted exons that were confirmed by their almost perfect identity ( ‡95%, 3e -82 £ E £ 0.0) with several wheat ESTs (BU100707, BE591544, BE400153) covering the complete predicted gene and partially covering both UTRs. Gene 3 also showed good similarity to its orthologous gene on rice chromosome 12 (BAC OSJNBb0011N16, 7,464-9,361). The rice gene had the same intron-exon structure, and the overall alignment of the wheat and rice protein showed 81% identity. A comparison of the predicted wheat protein with the Swissprot database (BLASTP) revealed significant similarity (E=e )149 ) with Arabidopsis thaliana proteins belonging to the N-acetylglucosaminyltransferase family (Core-2/I-Branching enzyme family).
Gene prediction programs suggested the presence of three other hypothetical genes (hg), designated hg1 (4,919-9,900-bp), hg2 (27,995-28,967-bp) and hg3 (65,446-71,210-bp, Table 1 ; Fig. 1 ), which could not be unequivocally confirmed as functional genes by other methods (Table 1) . Their predicted products showed either no similarity with any protein present in the nonredundant GenBank database (hg2), or low similarity with one (hg1) or multiple (hg3) predicted proteins from rice encoded on different rice chromosomes (putative uncharacterized repetitive elements).
If these three hypothetical genes are added to the seven validated genes discovered in BAC 109N23, the resulting gene density would be 1 gene per 10 kb. However, a more conservative calculation which excludes the three hypothetical genes results in an estimated gene density of 1 gene per 14 kb (7 genes in 101 kb).
Intergenic regions
Different kinds of repeat sequences were found in BAC 109N23, which account for 42% of the complete clone. The most abundant sequences were LTR retrotransposons, which make up 36% of the BAC sequence. Three complete LTR retrotransposons were found between the genes Gsp-A m 1 and Pina-A m 1, and one between Pina-A m 1 and Pinb-A m 1 (Fig. 1) . The first one was the Gypsylike element Sabrina_109N23-1 inserted in the partial Copia -like element Angela_109N23-1. The second one was another Angela_109N23-2, which was inserted into the 5¢LTR of Sabrina_109N23-1. The third one, another complete Angels element (Angela_109N23-3), was flanked by a Sabrina solo-LTR (Sabrina_109N23-2) and a repetitive element with low similarity to a Gypsy -like Romani retrotransposon. The last one, Retrofit_109N23-1, is a Copia -like element, which is highly similar to the rice element Retrofit (E=0.0 with TBLASTX) and has a relatively short LTR (196 bp). Insertion times calculated for the four complete LTR-retrotransposons showed that Retrofit_109N23-1 (0.4±0.39 Myr) was the most recent insertion (only one SNP is observed between the 196-bp LTRs) and Sabrina_109N23-1 (3.1±0.4 Myr) was the oldest ( Table 2) .
The region between the Pina-A m 1 and Pinb-A m 1 genes also included numerous repetitive elements. A partial Romani (Romani_108N23-1) was followed by the non-LTR retrotransposon Karine (Karine_109N23-1), which has insertions of the Retrofit_109N23-1 and an Angela_109N23-4 solo-LTR. Two regions showed similarity to CACTA Enac transposons (E=5e )35 ), one after gene 2 and the other at the end of the BAC. Five MITEs (Miniature Inverted-repeat Transposable Elements) from the Stowaway family and one additional Fold back element were also found within this BAC.
Besides the annotated retroelements, additional direct duplications were found after genes 1a and 1b, and after the hypothetical gene hg2. A similar set of three short direct duplications (designated 1.2, 1.3 and 1.4 in Fig. 1 ) was found after genes 1a and 1b, suggesting that the duplication event included approximately 1.6 to 1.8 kb. The number 2 in Fig. 1 indicates the location of an additional direct repeat after the hypothetical gene hg2.
Assuming that regions of 1 kb upstream, and 0.5 kb downstream of each gene contain putative UTRs and regulatory regions, only 20% of the sequence (20 kb) showed no homology to any known gene or repetitive element and remained uncharacterized.
Colinearity between wheat and rice sequences
Wheat genes 1a, 1b, 2 and 3 have orthologues in rice, which are arranged in the same order and orientation, although gene 1 is duplicated in wheat but not in rice (Fig. 2) . The distances among these genes are also conserved in both species. Genes 1 and 2 are 490 and 310 bp apart, whereas gene 2 and 3 are 932 and 947-bp apart in rice and wheat, respectively. No retrotransposon insertions were observed in these regions in either species. In addition to their relative position and orientation, the predicted protein products of these three genes showed a high level of sequence identity, confirming that they are true orthologues. In T. monococcum, the Gsp-A m 1 gene is located immediately after gene 3, but no similar gene was annotated in the corresponding region in the rice sequence (TIGR database). However, a TBLASTN comparison of T. monococcum Gsp-A m 1 and T. aestivum Gsp-1b proteins with the rice BAC OSJNBb0011N16 identified a region of similarity after rice gene 3 (Fig. 3) . A relatively high level of similarity was observed upon comparison of the predicted rice protein (10,321-10,446-bp) with the products of the Gsp-A m 1 (69%, E=0.44) and Gsp-D1 (67%, E=0.12) genes (Fig. 3) . A putative TATA-box was identified 525 bp downstream from the start codon and a polyadenylation signal was found 91 bp downstream of the putative stop codon. This level of protein similarity is within the range observed in other orthologous wheat/rice protein comparisons, but the E value calculated based on the size of the nr database was not significant (E=0.12), probably because of the small size of the genes being compared. The fact that the putative rice gene is found in the same orientation and position relative to the other three colinear genes indicates that this similarity reflects the conservation of a sequence of biological importance.
To test whether a better similarity between rice and T. monococcum Gsp-A m 1 could be found elsewhere in the rice genome, a comparison was performed between the wheat protein and the rice genome using TBLASTN. Eleven hits were obtained with E values lower than those observed for the putative rice gene found after gene 3. Putative rice prolamin genes showed the highest similarities (E=9e )11 to 0.075). However, the reciprocal comparison showed that this highly significant rice prolamin protein was more closely related to a wheat seed storage protein (TBLASTN, E=8e )17 ) than to the Gsp proteins. This result indicates that the rice prolamin genes are most probably not orthologous to wheat Gsp. X80379 from T. aestivum) and a putative orthologous gene on rice BAC OSJNBb0011N16. The region in the predicted rice protein that is 67% similar to the product of Gsp-1b is underlined Fig. 2 Schematic representation of the microcolinearity between T. monococcum BAC 109N23 (GenBank AY491681) and rice BAC OSJNBb0011N16. Genes are represented by gray boxes; the arrow indicates the orientation of transcription
The similarity observed between Gsp and the rice prolamins was probably generated by the similar pattern and spacing of cysteine residues and numerous glutamine residues, as previously reported (Anderson et al. 2001; Woo et al. 2001) . Prolamins sensu stricto and cysteine rich proteins (i.e., puroindolines, Gsp, inhibitor of alpha-amylases) belong to the superfamily of prolamins (Shewry et al. 2002) .
The rice BAC sequence between positions 10,100 and 10,500 was also investigated with different gene prediction programs. GeneMark.hmm (option 'Oryza sativa') detected an exon between positions 10,273 and 10,439-bp, but it was identified as an 'internal' axon and was in reverse orientation, showing no similarity with Gsp-A m 1. The NetPlantGene Server detected a strong coding potential between positions 10,195 and 10,450-bp in the same orientation. No rice EST showed significant similarity with the rice BAC genomic sequence between positions 10,100 and 10,500 bp.
Discussion
Distribution of genes and repetitive elements
Seven genes, including Pina-A m 1, Pinb-A m 1, and Gsp-A m 1, were identified in the 101,101-bp T. monococcum BAC 109N23. In addition, three hypothetical genes (hg1, 2, and 3) were annotated based on gene prediction programs, but these were not unequivocally confirmed by similarities with ESTs or with orthologous genes in other species. These hypothetical genes might be degenerated genes derived from unknown repetitive elements, and were not included in the calculation of gene density. A high gene density of 1 gene per 14 kb was found in this region. This value is well above the 1 per 230 kb that would be observed if an estimated 25,000 genes were distributed homogeneously along the T. monococcum genome. The observed value in BAC 109N23 is also five fold higher than the gene density reported for a 556-kb region located at fraction lengths 0.68-0.78 on the 5A m L arm (Yan et al. 2003) . These results confirm at the sequence level a general trend previously described at the cytogenetic level, indicating that gene densities increase from the centromeres to the telomeres (Gill et al. 1996; Akhunov et al. 2003b ).
Gene distribution is not homogeneous even within BAC 109N23. Five out of the seven genes are found in the first 27 kb of the BAC, and thus this segment constitutes a high-gene-density island. In contrast, Pina-A m 1 is isolated in the middle of a 69-kb region mainly represented by repetitive elements. The last gene, Pinb-A m 1, is located at the 3¢ end of the BAC, and therefore it is not possible to determine if it belongs to another highdensity gene island or is isolated from other genes. A similar pattern of high-gene-density islands and isolated genes, separated by repeat elements often inserted into each other, was first described in maize (SanMiguel et al. 1996) and emerges also for other wheat and barley regions analyzed so far (Wicker et al. 2001; Brooks et al. 2002; Ramakrishna et al. 2002; SanMiguel et al. 2002; Gu et al. 2003 , Wicker et al. 2003b .
A comparison of the intergenic regions in this and other T. monococcum BACs showed the opposite trend to that described for the gene regions. Repeat sequences in BAC 109N23 represent only 42.5% of the sequence, compared with 70-80% in other T. monococcum BACs (Wicker et al. 2001; SanMiguel et al. 2002; Wicker et al. 2003b ). In addition, the observed pattern of retrotransposon insertions was not as complex as that found elsewhere. Only two levels of nested insertions were observed in BAC 109N23, whereas more complex patterns with up to four levels of nested elements have been observed in other studies. The retrotransposon insertion pattern observed in 109N23 was consistent with their estimated insertion times. Angela_109N23-2 inserted about 1.49 Myr ago into the much older Sabrina_109N23-1, which inserted into this region some 3.10 Myr ago. These insertion times are within the same range as those calculated for other regions of the T. monococcum genome except for the Retrofit_109N23-1 element, which appears to have inserted very recently, considering that only one SNP was observed between its 196-bp LTRs.
In summary, this distal region of wheat chromosome 5A m shows an increased gene density and a decreased proportion and complexity of repetitive elements. It is tempting to speculate that this well conserved locally gene-rich region could be the result of selective pressures that have acted to keep the organization of this region intact.
Microcolinearity between wheat and rice sequences A good level of microcolinearity was found between rice chromosome 12 and the Ha locus in diploid wheat. Genes 1, 2, 3 and Gsp were found in the same order and orientation and at similar relative distances in the two genomes (Fig. 2) . However, gene 1 was duplicated in wheat, whereas only one copy was found in rice. Two additional duplications resulted in the origin of the three related genes Pina-A m 1, Pinb-A m 1, and Gsp-A m 1 in wheat after the divergence from rice. These three duplications resulted in a 75% increase (7 vs. 4) in the number of genes present in wheat relative to the orthologous region in rice. A higher frequency of duplicated genes in the Triticeae genomes relative to rice has been reported in other microcolinearity studies. Thus, Yan et al. (2003) found two gene duplications in a 550-kb region in 5A m L that were absent from the orthologous region in rice.
A higher level of gene duplication in diploid wheat relative to rice was also inferred from the comparison of their RFLP maps (Dubcovsky et al. 1996) . In the T. monococcum map, 27.7% of the cDNA clones and 34.4% of Pst I genomic clones detected duplicated loci, whereas less than 6% of duplicated loci were found in the initial maps of rice (Dubcovsky et al. 1996) . High levels of RFLP duplication were also observed in the large genomes of barley and polyploid wheat (Anderson et al. 1992; Kleinhofs et al. 1993; Akhunov et al. 2003b) . It was recently suggested that a higher proportion of the RFLP duplications occur in the distal regions of the wheat chromosomes (Akhunov et al. 2003b) . The Ha locus is located in the distal region of the short arm of chromosome 5A m , and therefore the high level of gene duplication observed in this BAC agrees with the general trend described above.
In general, colinearity among the wheat genomes is better in the proximal regions of the chromosomes than in the distal regions (Akhunov et al. 2003a) . In agreement with this general trend, breaks in wheat/rice microcolinearity were frequently observed in studies involving the distal regions of the wheat genome, such as the Lrk/Tak region (Feuillet and Keller 1999) , the Sh2/ X1/X2/A1 region (Li and Gill 2002) , or the Rpg1 region (Kilian et al. 1997) . However, the Ha region analyzed in this study does not follow this general pattern, and shows good microcolinearity with rice (except for the duplications) in spite of its distal location on the chromosome. Another surprising aspect of this microcolinearity study was the good conservation in the relative sizes of the intergenic regions in wheat and rice. Generally, intergenic regions in wheat are considerably expanded relative to rice, but in this study a group of four genes showed similar relative intergene distances.
This level of microcolinearity facilitated the identification of a rice orthologue of the Gsp / Pin gene. This was an unexpected result because no hybridization signal was detected in previous studies between a wheat Puroindoline-a probe and genomic DNAs from rice, maize or sorghum (Gautier et al 2000) . However, the previous result can be explained by the level of similarity found between these two short genes in this study, which is below the threshold of detection attainable under the hybridization conditions used in the previous studies. In addition, the small size of the conserved region might have also contributed to the failure to detect it by hybridization.
The small size of the predicted rice gene could be also the reason for the absence of this gene in the automatic annotation of the rice genome, and for the low expected values observed in the wheat/rice comparisons. However, the level of protein similarity found between the wheat and rice proteins (65%) is within the range of similarity values found among other orthologous genes in these two species. After 50 Myr of divergence, the non-functional regions of the Triticeae and rice genomes, including introns and intergenic regions, show no similarity (Dubcovsky et al 2001) . The significance of this sequence conservation between wheat and rice is enhanced by the fact that these two regions were located in the same position relative to the other orthologous genes and in the same orientation. The putative involvement of this group of genes in disease resistance could also provide an explanation for the higher than average divergence between these genes in wheat and rice. Disease resistance genes are known to evolve faster than other genes (Michelmore and Meyers 1998) . Wheat Gsp and Puroindoline proteins are more similar to each other than to the putative rice protein, suggesting that the two duplication events that originated the three wheat genes occurred after the divergence between wheat and rice.
The T. monococcum Ha locus contains the Pina-1, Pinb-1, and Gsp-1 genes (similar to the D genome of soft hexaploid wheat varieties, Gautier et al. 1994; Sourdille et al. 1996) . These three genes have also been observed in other diploid wheats, but the Pina-1 and Pinb-1 genes are absent from the A and B genomes of polyploid wheats (Gautier et al. 2000) . Additional instances of deletion of the Pina-D1 gene or of the complete Pina-D1 -Pinb-D1 -Gsp-D1 region have also been reported in hexaploid wheat (Tranquilli et al. 2002) . The presence of large regions of highly repetitive elements around the Pina-1 and Pinb-1 genes might provide an explanation for the frequent occurrence of deletions that affect these two genes (e.g. resulting from unequal crossing over between repeat elements). Comparison of the complete Ha locus described here with the sequences of the orthologous region from the A and B genomes of tetraploid and hexaploid wheat will provide a better understanding of the mechanisms involved in the elimination of the puroindoline genes from the latter genomes.
